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Seamless cloning methods that do not require restriction enzyme digestion of the insert have been developed for high-throughput cloning and synthetic biology. These methods are divided into three categories: exonuclease activity-based methods (1-3), PCR-based methods (4, 5) , and ligase-based methods (6) . Exonuclease activity-based methods were developed based on the early ligationindependent cloning (LIC) method (7) , which utilizes the exonuclease activity of T4 DNA polymerase to generate single-stranded DNA (ssDNA) regions at the ends of a linearized vector and a PCR-amplified insert, followed by complementary annealing between the ssDNA homology regions of the pre-defined ends of the vector and insert.
Sequence-and ligation-independent cloning (SLIC) (1) and Gibson assembly (2) overcome sequence constraints of LIC and allow for the simultaneous assembly of multiple fragments. Many commercial kits, including In-Fusion (Clontech, Mountain View, CA) and CloneEZ cloning (GenScript, Piscataway, NJ), have been developed based on the same principles as SLIC (1) . Although highly efficient, these methods require additional enzymes, such as RecA for SLIC (1) , Taq ligase for Gibson Assembly (2), or proprietary enzymes for commercial kits. PCR-based methods include circular polymerase extension cloning (4) and overlap extension PCR cloning (5) . In PCR-based approaches, no exonuclease-mediated chew-back step takes place, and annealing between the vector and insert occurs at higher temperatures compared with exonuclease-based methods; therefore, PCR-based methods may be most suitable for the cloning of small inserts or inser ts with strong secondar y structures at the ends. However, unlike exonuclease-based methods, PCR-based methods do have an increased probability of the inserts mis-annealing at other sequences in the vector after the denaturation step and the generation of PCR-derived mutations.
Ligase-cycling reaction cloning starts with a blunt-ended vector and inser t, along with single-stranded b r id ging o lig o nu c l e otid e s; D N A assembly occurs through multiple rounds of denaturation, annealing, and ligation (6) . Although useful for Optimizing T4 DNA polymerase conditions enhances the efficiency of one-step sequence-and ligation-independent cloning Previously, we developed a one-step sequence-and ligation-independent cloning (SLIC) method that is simple, fast, and cost-effective. However, although one-step SLIC generally works well, its cloning efficiency is occasionally poor, potentially due to formation of stable secondary structures within the single-stranded DNA (ssDNA) region generated by T4 DNA polymerase during the 2.5 min treatment at room temperature. To overcome this problem, we developed a modified thermo-regulated one-step SLIC approach by testing shorter T4 DNA polymerase treatment durations (5 s-2.5 min) over a wide range of temperatures (25-75°C). The highest cloning efficiency resulted when inserts with homology lengths <20 bases were treated with T4 DNA polymerase for 30 s at 50°C. This briefer T4 polymerase treatment at a higher temperature helps increase cloning efficiency for inserts with strong secondary structures at their ends, increasing the utility of one-step SLIC for the cloning of short fragments.
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METHOD SUMMARY
One-step sequence-and ligation-independent cloning (SLIC) efficiency was optimized for difficult-to-clone inserts by testing shorter durations of T4 DNA polymerase treatment of the insert and linearized vector over a broad range of incubation temperatures. The highest cloning efficiencies were found with treatment for 30 s at 50°C. Special promotions at www.brandtech.com high-throughput assembly, this method requires optimization. One-step SLIC is a simple, costefficient method (3) with a cloning ef f i c i e n cy c o m pa ra b l e to oth e r approaches (8) . In one-step SLIC, the linearized vector and PCR-amplified inserts are mixed in a single tube and treated with T4 DNA polymerase at room temperature for 2.5 min. The reaction is stopped by incubating the mixture on ice, and gaps and overhangs are repaired after the mixture is introduced into competent Escherichia coli cells. While one-step SLIC works well with most inserts (3), it can have reduced efficiency at times, possibly due to the formation of stable secondary structures in the ssDNA regions at the ends of the inserts. To solve this problem, we studied the effects of the duration and temperature of T4 DNA polymerase treatment on the efficiency of one-step SLIC.
First, we reduced the duration of T4 DNA polymerase treatment to reduce the length of the single-stranded regions in the homology regions at the ends of the vector and inserts that are exposed by the enzyme. In a previous study, the shortest T4 DNA polymerase treatment time we tested-2.5 minproduced the highest cloning efficiency (3). Therefore, we tested even shorter treatment durations-as low as 5 s-at 25°C or 37°C using the vector pGEX-5X, digested with BamHI, and an insert amplified with primers that have 18-mer and 15-mer homology regions ( Figure 1, A and B) . Interestingly, the greatest number of colonies was generated when the DNA was treated with T4 DNA polymerase for 30 s at 37°C ( Figure 1C ). Longer incubations dramatically reduced cloning efficiency, implying that exposing an ssDNA region that exceeds the length of the homology region may interfere with the correct annealing of the vector and insert. Considering that T4 DNA polymerase is a mesophilic enzyme exhibiting 3´-to-5´ exonuclease activity with a rate of ~40 bases/min on doublestranded DNA (dsDNA) (9) , 30 s at 37°C was sufficient to remove the 18 and 15 nucleotides from the double-stranded homology regions at the ends of the vector and insert. At 25°C, a 1 min T4 DNA polymerase incubation produced the highest efficiency, suggesting this method requires at least 1 min to fully digest the homology region at this lower temperature.
Nex t, we examined the ef fect of temperature on the efficiency of one-step SLIC. T4 DNA polymerase is typically inactivated by incubation at 75°C, but this temperature is also ideal for secondar y structure denaturation. If higher temperatures are indeed needed for denaturation, reactions may need to be run longer to compensate for reduced enzyme efficiency. However, higher temperatures and longer incubations may reduce cloning efficiency by interfering with the homology-based annealing of the vector and insert. Taken together, SLIC efficiency depends on a balance of three temperature-dependent factors: (i) sufficient enzyme activity to make a single-stranded region, (ii) denaturation of secondary structures within the exposed single-stranded region, and (iii) inhibition of annealing at high temperatures.
To find the optimum conditions for SLIC, the PARK7 coding sequence was amplified with the following primers: PARK7-F (5´-tcgactcgagcggccgcttccaaaagagctctgg-3´) and PARK7-R (5´-agtcacgatgcggccctagtctttaagaacaagtgg-3´) (bold letters indicate the homology region) and mixed with NotIdigested pGEX-5X vector. DNA was treated with T4 DNA polymerase at 25, 37, 50, 65, or 75°C for 15, 30, or 60 s (Figure 2A ). The number of colonies increased as the temperature increased up to 50°C and decreased drastically at higher temperatures regardless of the duration of enzyme treatment. The maximum number of colonies was obtained by incubation at 50°C for 30 s. At 25°C, 60 s yielded more colonies than 30 s, implying reduced enzyme activity at this temperature. At 65°C and 75°C, fewer colonies were obtained when DNA was treated for longer periods, suggesting that vector and insert annealing was inhibited by a longer incubation at higher temperatures.
To assess cloning efficiency, four colonies were picked at random from each condition, and their plasmids were analyzed by restriction digestion. When DNA was treated with T4 DNA Introducing ali-Q™ The first-ever aliquoting pipet controller
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Use VistaLab™ Wobble-not™ serological pipets with ali-Q for the ideal pipetting system. polymerase for 30 and 60 s, 100% cloning efficiency was obtained up to 50°C ( Figure  2B ). Although the number of colonies tested was small, high cloning efficiency was also observed at 65°C. Taken together, these results suggest that secondary structure denaturation increases cloning efficiency up to 50°C, but inhibition of vector and insert annealing reduces cloning efficiency at higher temperatures.
Our results suggest that: (i) 30 s is sufficient to make a single-stranded region with a <20 base homology region at 37°C and higher temperatures, and (ii) 50°C is the highest tested temperature that denatures secondary structures without interfering with annealing between vector and insert.
Recently, Koskela and Frey developed a method termed exonuclease and ligationindependent cloning (ELIC) (10) . In ELIC, a linearized vector and insert with homology regions at each end are mixed in water. Competent E. coli cells are then transformed directly with the DNA mixture. There is no exonuclease treatment step in this method. To compare the efficiency of SLIC with that of ELIC, we tested the following samples: (i) vector and insert mixed in water at 25°C for 30 s; (ii) vector and insert mixed in T4 DNA polymerase buffer without enzyme at 25°C for 30 s; (iii) vector treated with T4 DNA polymerase in buffer at 25°C for 30 s; (iv) vector and insert mixed with T4 DNA polymerase in buffer and kept on ice (no incubation); and (v) vector and insert mixed with T4 polymerase in buffer at 50°C for 30 s ( Figure 2C ). For samples containing both vector and insert (i, ii, iv, and v), the number of colonies observed was similar for T4 DNA polymerase-treated and untreated samples, but positive colonies were found only in samples that were treated with T4 DNA polymerase for 30 s (v), based on restriction digestion analysis of plasmids. When DNA was not treated by T4 DNA polymerase (i, ii, and iv), all of the colonies were self-ligated clones. In contrast, when vector alone was treated with T4 DNA polymerase for 30 s, a significantly smaller number of colonies was obtained (iii). These results imply that cohesive vector ends (four bases) generated by single restriction enzyme digestion are sufficient for self-ligation after transformation in the absence of T4 DNA polymerase treatment but not sufficient for self-ligation after an adjacent region has also been exposed as a single strand by T4 DNA polymerase. These data clearly show that treatment of vector and insert with T4 DNA polymerase is required not only for the generation of a single-stranded region for homologybased annealing but also to reduce selfligation of a linearized vector, especially by single restriction enzyme cutting, as shown in Figure 2C . It should be noted that one difference between ELIC and SLIC is that in ELIC two different restriction enzymes or blunt-ended vectors are required, as is subsequent dephosphorylation of the vector (10), but SLIC does not require two different restriction enzymes or dephosphorylation of a vector.
Finally, we tested whether higher temperatures with shorter T4 DNA polymerase treatment times would increase cloning efficiency for difficult-toclone inserts. The Ton_0858 sequence was PCR-amplified with primers 0858-F (5´-gaccatgattacgaattggatccagaagagcgacgtatggatcgagga-3´) and 0858-R (5´-cggaggtgggatatcccggatcaaatatcacccaaaataataaattt-3´), and the pUC118-HMG vector was digested with BamHI (3). After transformation, we observed 2 types of colonies: visible, regular-sized colonies after incubating the plates for 16 h and smaller colonies that appeared after incubating the plates for another 2 h ( Figure 3B ). The total number of colonies produced by the Ton_0858 transformation was <10% that of the transformations depicted in Figures 1C  and 2A . Although the numbers of regularsized colonies did not change significantly depending on the reaction temperature, the number of small colonies was highest when DNA was treated with T4 DNA polymerase at 50°C ( Figure 3A) . When plasmids were analyzed by restriction enzyme digestion, correct clones were found only in the small colonies ( Figure  3C The first-ever ergonomic serological pipet
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Lose the Wobble, Lose the Drip! sized clones contained vector that either self-ligated after BamHIdigestion or was uncut, with the number of regular-sized colonies similar to when vector alone was treated with T4 DNA polymerase ( Figure 2C ). When 4 small colonies from each temperature were analyzed, all conditions except 25°C for 15 s and 75°C for any period tested showed 100% cloning efficiency ( Figure 3D ). However, if the insert did not affect the growth of the host, and the colonies were therefore all the same size, the probability of picking correct clones would have been ~70% at 50°C for 30 s and approximately 50% for other conditions. This indicates that higher temperatures with shorter incubations (50°C for 30 s) are especially useful for cloning inserts with low cloning efficiency, consistent with the results shown in Figures 1 and 2 . Sequencing of positive clones taken from each temperature for 30 s confirmed there were no mismatches within or at either side of the annealing sites during cloning. It is worth mentioning that if regular-sized colonies do not have the expected inserts, smaller and slowergrowing colonies should be analyzed. Here, we hypothesized that SLIC efficiency might be impaired by secondary structures formed in the ssDNA regions exposed at the ends of vectors and inserts by T4 DNA polymerase. Reducing the duration and increasing the temperature of T4 DNA polymerase treatment, both of which reduce secondary structure, improved SLIC efficiency for three different inserts. Furthermore, we suggest that 50°C for 30 s is an optimal SLIC condition for inserts with homology lengths <20 bases. This reduced incubation time should also improve the cloning performance of smaller DNA fragments by one-step SLIC. Finally, our results also provide a new means of utilizing mesophilic T4 DNA polymerase at higher temperatures. 
